Abstract. Metastasis of lung carcinoma cells is a major cause of organ failure and mortality of patients with lung cancer. Lung mast cells are a type of immune cell which reside in the respiratory mucosa. High numbers of mast cells are associated with the majority of common types of cancer; however, the effects of mast cells on cancer remain unclear. In the present study, the effects of mast cell chymase (MCC) on the proliferation and adhesion of the lung carcinoma cell lines A549 and H520 was investigated. After 24 h of treatment, the highest dose of MCC (50 mU/ml) decreased the proliferation rate of A549 and H520 cells, whereas the lowest dose of MCC (5 mU/ml) resulted in a small increase in the viability. A549 cells treated with MCC lost adhesion ability in a MCC dose-dependent manner; however, these detached cells were able to regrow when transferred to a fresh culture. The protein expression of epithelial (E-) cadherin, p53 and p21 in A549 lung carcinoma cells were detected by western blot analysis. The results of the present study revealed that, following 24 h of treatment, the expression level of E-cadherin was decreased, the p53 tumor suppressor protein was expressed in limited quantities and the expression of p21 was decreased. Zymography was used to examine the effects of MCC on the expression and activation of matrix metalloproteinase-9 (MMP-9) in A549 and H520 cells. The expression of MMP-9 in the two cell lines was time-and MCC dose-dependent. The results of the present study demonstrated that MCC stimulated lung carcinoma cell proliferation and adhesion, as well as regulated E-cadherin expression and the cell cycle, all of which are associated with cancer metastasis. Therefore, MCC may be a potential candidate for lung carcinoma therapy.
Introduction
Morbidity and mortality arising from lung carcinomas account for 17% of novel cancer cases in humans each year (1) , and lung cancer metastasis is the principal reason for organ failure and patient mortality (2) . Mast cells are common immune cells that are widely distributed in the respiratory mucosa. Mast cells derive from specific bone marrow cluster of differentiation 34
+ precursor cells and migrate to other tissues where the cells mature, depending on the internal environmental conditions (3) . Previous studies have revealed that the number of mast cells is increased in various types of cancer, including lung (4), breast (5), prostate (6) and colon (7) cancer. Performing bronchoalveolar lavage on patients with bronchial carcinoma revealed that these patients possess an increased number of mast cells (8) (9) (10) . In addition, mast cell density has been identified to be associated with cancer progression, angiogenesis and poor prognosis in human adenocarcinomas (11, 12) .
Mast cell chymase (MCC) (EC 3.4.21.39) is a chymotrypsin-like protease enzyme which is expressed in the secretory granules of mast cells. MCC is able to degrade the extracellular matrix (ECM) of animal tissue (13) . ECM turnover involves the alteration of the cellular microenvironment within tissue, and is able to influence carcinoma cell migration, adhesion and relocalization (14) . Matrix metalloproteinase-9 (MMP-9) belongs to the class of tissue matrix metalloproteinases which primarily degrade and remodel the ECM (15) . MMP-9 has been identified to be an integral part of numerous diseases, including cancer, where modulation of the ECM is a key step (16) (17) (18) .
Epithelial (E-) cadherin is present in various epithelial cells and tumor cells (19) ; it is a fundamental component of the adherens junctions (the cytoplasmic connection between neighboring cells) and is known to mediate aggregation-dependent cell survival (20) . Loss of E-cadherin gene expression in carcinoma cells may lead to increased cell apoptosis, cell death, cell invasion and metastasis (21, 22) . The protein p53 is a known carcinoma suppressor which is commonly associated with the pathogenesis of human carcinoma (23) . The p53 protein is involved in the response to DNA damage, cell cycle regulation and cell apoptosis (23) . This protein also controls cellular progression from G 1 to S phase in the cell cycle. When cellular DNA is damaged, p53 may initiate the synthesis of p21, which is a cyclin-dependent kinase (CDK) inhibitor protein. In turn, p21 may combine with cyclin-CDK to form a trimer which prevents the damaged cells progressing from G 1 to S phase (24) .
The aim of the present study was to investigate whether MCC is involved in carcinoma cytology, the progression to metastasis through degradation of the ECM, cleavage of intercellular connections by proteolysis of E-cadherin and how expression of MMP-9, p53 and p21 proteins were triggered which determine cell apoptosis or cell survival. In the present study, a schematic model of the role of MCC in the fate of lung carcinoma cells was proposed, and it was hypothesized that MCC may affect the biological features of lung cancer cells.
Materials and methods
Cell lines. A549 human adenocarcinoma alveolar basal epithelial cells and H520 human lung squamous carcinoma cells were purchased from the Cell Bank of the Chinese Academy of Science (Shanghai, China).
Cell viability via the MTT assay. Suspensions of each cell line were conventionally prepared in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), and the density was adjusted to 10 5 cells/ml. Aliquots of 100 µl were added to each well of 96-well plates and treated with various concentrations of serum-free human MCC (a gift from Dr A.F. Walls, Southampton University, Southampton, UK) [0(control), 5, 25, 50 and 100 mU/ml or heat-inactivated (65˚C for 30 min) MCC (100 mU/ml, incubated at 37˚C in 5% CO 2 for 6, 24, 48 or 72 h)]. Following incubation for the prescribed time, 10 µl MTT (5 mg/ml; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was added to each well prior to incubation for another 4 h. In order to solubilize the formazan dye, 150 µl dimethyl sulfoxide (Sigma-Aldrich; Merck KGaA) was added to each well and the absorbance was determined at 492 nm using a microplate reader (Thermo Fisher Scientific, Inc.). This protocol was followed three times for each cell line.
Cell adhesion. A suspension of the A549 cell line was adjusted to 10 6 cells/ml and co-cultured with MCC [0, 5, 25, 50 and 100 mU/ml or heat-inactivated MCC (100 mU/ml)] in centrifuge tubes, with gentle agitation for 30 min at 50 x g to avoid cell clumping. Aliquots of 100 µl each treated cell suspension were transferred to a 96-well plate and incubated for 2 h; this was to allow aggregation of adherent cells, prior to removing the suspension medium, and MTT staining of the unsuspended adherent cells. The MTT assay was performed described as above, the cell adhesion rate (%) relative to that of the untreated controls was calculated as follows: [Optical density (OD) value of the experimental group/OD value of the control group]x100%.
Cell re-adhesion and survival. Following MCC treatment as aforementioned, a number of cells detached from adherent clusters and remained suspended in the culture medium, and were therefore not included in the MTT analysis. To investigate whether those suspended cells had undergone apoptosis, or whether the cells may become re-adherent under altered conditions, fresh cell suspensions (1x10 5 cells/ml) were prepared as aforementioned and co-cultured with MCC [(0, 25 and 100 mU/ml or heat-inactivated MCC (100 mU/ml) for 6, 24, 48 or 72 h]. Following stimulation with MCC, the medium containing the detached cells was carefully transferred from each of the treated new wells, using separate sterile pipettes, into separate wells containing fresh MCC-free RPMI-1640 medium. The plate was incubated at 37˚C for 2 h to allow the cells to aggregate at the bottom of the wells. The MTT method as described above was used to determine the re-adhesion rate of the cells.
Western blot analysis. Following treatment with MCC (0, 25 or 50 mU/ml) or heat-inactivated MCC (100 mU/ml) for 24 h, the cells were lysed using radioimmunoprecipitation assay buffer, and protein was quantified using the bicinchoninic acid protein assay (Sigma-Aldrich; Merck KGaA). A total of 20 µg extracted protein/lane was treated with sample buffer containing 5 mM dithiothreitol at 95˚C for 10 min. The samples were then separated by SDS-PAGE (10% gel) and transferred onto a polyvinylidene fluoride membrane (EMD Millipore, Billerica, MA, USA). The non-specific binding sites were blocked with a solution of 5% skimmed milk in PBS containing 0.1% Tween-20 (Sigma-Aldrich; Merck KGaA). The primary antibodies against p53 (cat. no. sc-099; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), p21 (cat. no. sc-817; Santa Cruz Biotechnology, Inc.) and E-cadherin (cat. no. sc-1500; Invitrogen; Thermo Fisher Scientific, Inc.) were diluted 1:500. The membrane was incubated overnight at 4˚C. The corresponding horseradish peroxidase-conjugated anti-mouse secondary antibody was diluted 1:500 and added to the membrane for 1 h at room temperature. Enhanced chemiluminescence (PerkinElmer, Inc., Waltham, MA, USA) was used to develop the blot and the images were captured using a ChemiDoc™ CRS + Molecular Imager (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Zymography. Aliquots of 20 µl serum-free cell culture medium containing MCC-treated (0, 5, 25 or 50 mU/ml) cells were taken from the incubated plate wells, mixed with 10 µl sample buffer solution (0.5 M Tris-HCl, 50% glycerol, 10% SDS and 0.1% bromophenol blue), loaded onto 8% polyacrylamide gels containing 1 mg/ml gelatin (Sigma-Aldrich; Merck KGaA) and run at 100 V until the blue dye had reached the bottom of the gel. Following electrophoresis, SDS was removed from the gel using 2.5% Triton X-100 (Sigma-Aldrich; Merck KGaA) for 1 h at room temperature. The gels were subsequently incubated overnight in an MMP developing buffer (50 mM Tris-HCl, 25 mM NaCl and 7 mM CaCl 2 ) at 37˚C with agitation. Subsequently, the gels were stained with 0.2% Coomassie brilliant blue for 30 min and counterstained using a mixture of 10% acetic acid, 50% methanol and 40% distilled water. Semi-quantification was carried out using Image Lab software (version 7.0; Bio-Rad Laboratories, Inc.), and alterations in the density of the bands were calculated as percentages relative to untreated controls.
Statistical analysis. Statistical analysis was performed using GraphPad Prism software (version 5.0; GraphPad Software, Inc., La Jolla, CA, USA). Student's t-test was carried out, and the data were presented as the mean ± standard deviation (n=3-6). P<0.05 was considered to indicate a statistically significant difference, and P<0.01 was considered to indicate a highly statistically significant difference.
Results
Effects of MCC on lung cancer cell viability. When A549 cells were treated with MCC for 6 h, their relative viability was slightly increased. Compared with the untreated control, treatment of A549 cells for 48 h with 5, 25 and 50 mU/ml MCC significantly decreased the relative viability (P<0.05; Fig. 1A ) as did heat-inactivated MCC (P<0.01; Fig. 1A) . In H520 cells, a small inhibitory effect from 50 mU/ml MCC on cell viability was observed, although no significant difference between cells treated with MCC and the untreated control group were identified (Fig. 1B) .
Effects of MCC on A549 cell adhesion. The MTT assay, carried out on suspended cells mixed with various concentrations of MCC, revealed that, with increasing MCC concentration, the relative adhesion rate of lung cancer cell decreased (50 and 100 mU/ml; P<0.05; Fig. 2A ).
A549 cell re-adhesion and survival. The detached cells induced by MCC were washed and relocated to new wells without MCC in order to promote re-adhesion of these cells (Fig. 2B) . The re-adhesion rate was time-and dose-dependent. Fig. 3 , following 24 h of treatment with 25 and 50 mU/ml MCC, the expression level of E-cadherin was decreased and E-cadherin fragment expression was identified using normal medium and heat-inactivated MCC. The p53 tumor suppressor protein was expressed in limited quantities in the A549 cells; conversely, decreased expression was exhibited by A549 cells treated with 25 and 50 mU/ml MCC, compared with untreated cells.
Effects of MCC on E-cadherin expression and regulation of p53 and p21 levels in A549 cells. As presented in

Effects of MCC on MMP-9 expression in A549 and H520 carcinoma cells.
The results of the zymography assay demonstrated that increased concentrations of MCC treatment resulted in increased MMP-9 expression levels in A549 (Fig. 4A) and H520 (Fig. 4B) 
cell lines.
Discussion
Previous studies have demonstrated that the accumulation of bone marrow-derived cells, including mast cells, serves an important role in cancer tumor growth and angiogenesis (8, 12) . Despite this, and the historic speculation surrounding this topic, a limited number of studies have addressed the interactions between mast cells and cancer cells (9, 25) . Furthermore, although MCC is well-characterized and its proteolytic effect on the extracellular matrix is well known, a broader role for this enzyme in carcinoma cytology and metastasis has, to the best of our knowledge, not been investigated previously. Accordingly, the effect of MCC on the proliferation and adhesion of lung cancer cells, as well as cell growth-associated factors p53 and p21 were investigated in the present study. The results of the present study indicated that MCC exerts various effects on lung cancer cells, depending on its activity and exposure time. Compared with the untreated control, MCC treatment for 6 h resulted in a slight increase in A549 cell numbers; however, MCC treatment for 24 h caused the numbers of A549 and H520 cells to decrease. Notably, the inhibitory effect of MCC on cell proliferation was time-dependent, as observed in the cells following 24 h of treatment. Treating cells with the lowest concentration of MCC (5 mU/ml) resulted in increased cell viability, whereas the higher doses of MCC (25 and 50 mU/ml) caused decreased viability of A549 and H520 cell lines. Similar results were observed with MCC treated human epithelial cells (26) . The duration and the activity of MCC also influenced the cell cycle where p53 and p21 are involved.
The weakening of cell-cell adhesion is particularly important for the metastasis of cancer cells (27) . Cadherins are considered to be the most important group of molecules involved in cell-cell and cell-matrix adhesion (28) . Decreased expression of E-cadherin has been associated with more advanced tumor stages and grades for lung (29) , gastric tract (30) , breast (31) , bladder (32) , colorectal (33) and prostate (34) cancer. Lower expression of E-cadherin in cancer cells rendered them prone to invasion and promoted metastasis (21, 35) . Following 24 h of treatment with MCC (25 and 50 mU/ml), the expression of E-cadherin was decreased; a result that was consistent with cell adhesion data for A549. The loss of E-cadherin expression may induce cell dissociation and trigger a downstream intracellular signaling pathway, resulting in deregulation of the cell cycle. However, as the results of the present study demonstrated, cell dissociation may eventually result in apoptosis, metastasis and re-adherence, under altered conditions.
The p53 tumor suppressor protein is a key regulator of programmed cell death (apoptosis) including anoikis (36), a form of apoptosis induced by the detachment of cells from the ECM or cell clusters. Cell cycle deregulation is common in human cancer. Alterations of the tumor-suppressor protein p53 and its downstream effector, p21, have been indicated in the development of a number of human malignancies (24) . The protein p21 is a regulator of cell cycle progression at G 1 and S phase, and, additionally, mediates cellular senescence (37) . The expression of p53 was down-regulated in the A549 cells treated with MCC (25 and 50 mU/ml), compared with untreated cells. Notably, the A549 cells treated with heat-inactivated MCC (50 mU/ml) expressed increased levels of p53 protein, indicating that the effects of MCC on lung cancer cells are associated with the activity of the enzyme.
The process of metastasis involves cell-cell and cell-ECM interactions by the actions of proteolytic enzymes which facilitate breakdown and invasion of the basement membrane (38) . Conversely, the loss of cell attachment to ECM or cells may induce cell apoptosis (anoikis). Therefore, cell adhesion, for survival, and cell disassociation, for migration and re-establishment (metastasis), are key aspects of the present study. MCC-dissociated cells formed clusters at the bottom of the culture wells. At the highest MCC concentration (100 mU/ml), 20% of the cells lost attachment and migrated into the cell culture medium; however, when transferred to a novel culture environment, only 50% of those suspended cells proliferated and became re-adherent. Additionally, subsequent co-culture of the cell suspension with various concentrations of MCC led to a dose-dependent effect on the cell adhesion rate.
Degradation of the ECM is the primary function of matrix metalloproteinase, which allows cell clusters to be separated. Previous studies have demonstrated that MMP-2 and MMP-9 are involved in tumor invasion and metastasis of gastric system (17) , colon (16) , breast (39) , head and neck (18) and lung (40) cancers. In the present study, MMP-9 expression levels in lung cancer cells was associated with the activity of MCC. With the increase in concentration of MCC, MMP-9 expression in A549 and H520 cells were increased. In addition, MCC-induced expression of MMP-9 was time-dependent and the present study provides the first indication, to the best of our knowledge, that MCC affects the expression of MMP-9 in lung cancer cells and the activation of cancer cells themselves. The present study additionally revealed that MCC is involved in ECM turnover and is associated with lung cancer cell migration and metastasis.
The adhesion and relocalization of lung cancer cells was affected by MCC-associated cell E-cadherin expression and the expression of the cell cycle regulators p21 and p53. MCC was revealed to influence MMP-9 expression and activation of lung cancer cells, and serves a role in ECM degradation enabling the cell clusters to separate, proliferate and relocate.
The results of the present study identified that MCC triggers a cascade of responses associated with the proliferation, adhesion and migration of lung cancer cells. Low doses were able to induce proliferation and high doses of MCC inhibited the proliferation of lung cancer cells. In addition, MCC may affect adhesion molecules, resulting in tumor cell detachment and in cell migration or apoptosis. The results of the present study indicate that MCC is a promising candidate for lung cancer therapy.
